Abstract-The paper presents an assessment of human exposure to extremely-low-frequency (ELF) electric field generated by a power line using the rotationally-cylindrical body model. The formulation is based on the Laplace type continuity equation. The induced current density in the three-dimensional (3D) model human body is obtained by solving the Laplace equation via the Finite element method (FEM). The main objective is to highlight some parameters influencing the distribution of the induced current density, such as the ohmic contact between the feet and the soil due to the soles of the shoes, and the electrical parameters of the soil. Furthermore, the influence of internal organs (the human model) to the induced current density distribution. The human body is represented by a homogeneous model and also by an inhomogeneous model composed of several organs namely brain, heart, lungs, liver and intestines, whose shapes were spheroid. The proposed model has been validated through comparison to either the experimental results or the theoretical results available in literature being computed by the aid of a homogeneous body model.
INTRODUCTION
Exposure to electromagnetic fields is not a new phenomenon. However, during the 20th century, environmental exposure to electromagnetic fields generated by human activity has increased steadily, in conjunction with the electric power demand and the continued progress of the technology. Thus, human being is exposed to a complex set of electric and magnetic fields of low intensity, both at home and at workplace, whose sources range from the generation and transmission of electricity, domestic appliances and industrial equipment, to telecommunications and broadcasting.
To address this societal constraint, electrical engineering community, as well as researchers from other disciplines involved are requested to provide a clear answer. To achieve this goal, it is crucial to provide researchers from Life Sciences with appropriate elements and measures to quantify the phenomena occurring in the human body due to exposure to electromagnetic fields. This analysis should be available prior to any biomedical study to enable the assessment of potential biological effects which should result in setting up the appropriate standards for the optimization of corresponding protection systems.
Computational bioelectromagnetics can be classified into two groups:
• low frequency exposures in which electric and magnetic fields are decoupled, • high frequency exposures in which the energy absorption from electromagnetic radiation is dominant effect [1] . At extremely low frequencies, the effects of the electric field and magnetic field of the human body can be studied independently of one another. There are two scenarios for human exposure to low frequency fields, as follows:
• High voltage/low current systems -the case of power lines HV and UHV in which the effect of the electric field is predominant over the magnetic field. The coupling between the electric field and the human body causes the axial current density inside the body.
• Low voltage/high current systems -the case with the most of electrical appliances, either domestic or industrial ones in which the magnetic field considered to be predominant. The coupling between the magnetic field and the human body is the cause of circular (closed loops) current density inside the human body. Note, that according to ICNIRP guidelines from 1998 [2] the current density was a main parameter for the estimation of extremely low frequency exposure effects, while the new ICNIRP guidelines from 2010 [3] propose the induced electric field instead of the induced current. However, there is a substantial amount of results for the current density in the relevant literature for the comparison purposes, e.g., [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . Several methods have been used to calculate the current density induced in the human body due to exposure to low frequency fields, such as the Finite Difference Time Domain (FDTD) [4, 5] the Finite Element Method (FEM) [6] [7] [8] ; the Boundary Element Method (BEM) [9] [10] ; the impedance method [11] or the Transmission Line (TL) model [12] .
Within the framework of the Finite Element Method (FEM) it is possible to use higher order elements and consequently avoid very fine meshes, thus making it rather useful for applications with complex shapes and highly irregular geometries.
Electromagnetic phenomena represented by related partial differential equations are being solved by using different FEM formulations. For example in [12] FEM formulations involving the induced currents are discussed.
The present work deals with an inhomogeneous rotationallysymmetrical model of the human body. To quantify the induced current density inside the human body exposed to uniform electric field, the FEM formulation based on the scalar electric potential (Electro-Quasi-Static formulation) is applied.
The analysis is undertaken via COMSOL Multiphyisics software [14] .
First, the influence of the soil and the ohmic contact due to the soles of the shoes on the induced current density distribution is analyzed. The sensitivity of the induced current density in the body when conductivities of the five internal organs (the brain, heart, lungs, liver and intestines) are taken into account is studied. Figure 1 shows the axisymmetrical and homogeneous geometry of the human body being used by Japanese team [6, 7] . The human body model is composed from nine parts (Dimensions are given in centimetres).
FORMULATION
When considering the human exposure to high voltage and low intensity systems, such as overhead power lines, the electric field is dominant. The formulation is based on the quasi-static version of the continuity equation [6] :
where ω is the frequency of the incident field, ε 0 the free space permittivity, σ and ε r are the conductivity and relative permittivity of the material and ϕ is the electric scalar potential.
The partial differential Equation (1) is imposed on the human body and the surrounding air, respectively.
Knowing the scalar potential along the body, the induced current density can be obtained from the Ohm's Law of Equation (2):
where σ is the conductivity of the human tissue and ε the permittivity given by ε = ε r ε 0 . The electric field E can be computed from the gradient of the scalar potential gradient ϕ:
THE AIR-BODY INTERFACE CONDITION
A calculation domain with the corresponding boundary conditions is shown in Figure 2 . The sources of the electric field are expressed through the Dirichlet boundary conditions; the scalar potential must be specified at the location of the power lines and soil level. Neumann conditions may be used to truncating the calculation domain by truncation, i.e., the normal component of electric field is zero on the other two faces of the cube, Figure 2 . Furthermore, Figure 2 shows the crosscut section of the model where domain Ω 1 is the region of air having two parameters: the permittivity ε 0 and the permeability µ 0 . Domain Ω 2 is the region of the human body having three parameters: the relative permittivity ε, the permeability µ, and the conductivity of the body σ.
In the case of the internal boundaries between two domains Ω 1 and Ω 2 , the continuity equation is expressed as follows [16] :
or as presented in [16] :
Note that the relationship (5) which expresses the continuity of the normal component of the current at the interface of two domains. If the human organs are not taken into account one deals with the homogeneous domain, i.e., on the surface of the human body the lines of the current density current are tangential, consequently the normal component of the current is zero, same as in the air due to the displacement current being neglected.
On the other hand, if one accounts for the human organs the domain of interest is inhomogeneous.
In this case the domain is represented by a primary domain (the body) and in its interior by subdomains which represent the organs of the human.
When the human organs are included within the formulation, several domains of interest are considered as each organ is represented by a domain with related parameters. In this case in each domain the partial differential equation given by quasi-static formulation (1) is solved. In this case the condition of continuity (4) is implemented between each organ and the surrounding environment (body) and between the human body and the air.
COMPUTATIONAL EXAMPLES

Electric Field Exposure
In the proposed model the conductivity and permittivity of the human body are assumed to be: σ = 0.5 S·m −1 and ε r = 10 7 with µ = µ 0 (Note that in low frequency range biological tissues are mostly diamagnetic).
The body with a height of L = 1.75 m is placed in direct contact (barefoot) with the soil, as depicted in Figure 3 , and exposed to a Current density induced on the surface of the human body. uniform vertical electric field E z = 10 kV·m −1 , while the height of the power line (height of the domain) was set 10 m.
Figures 4 and 5 show the induced current density along the axis and surface of the body, respectively.
It could be noticed that the current density values are higher in the neck and ankles due to their relatively smaller cross-sectional areas. The results calculated in this paper via FEM are compared to the results obtained by other either theoretical or experimental methods and listed in Table 1 . The FEM results are shown to be in a satisfactory agreement with those achieved by Poljak et al. [10] using the Boundary Element Method (BEM) and with experimental results of Chiba et al. [8] . 
Influence of the Soles of the Shoes
It is worth noting that so far a perfect contact between the body and the soil has been assumed. However, in majority of real scenarios there exists an ohmic contact between the feet and the soil, particularly due to the influence of the soles of shoes. This contact is generally represented by an equivalent capacitor, e.g., [8, 11, 15] . In the model proposed in this work the soles are modeled by a volume of height d = 1.6 cm (height of the sole) and radius r = 11 cm, as indicated in Figure 6 , characterized by a relative permittivity ε r = 3. Keeping the same dimensions of the air box and the value of the incident electric field of the preceding case the current density induced along the axis and surface of the body, respectively is presented in Figures 7 and 8 .
It could be clearly observed from the obtained results that, due to the influence of the shoes, values of the induced current density tend to decrease, particularly in the feet and ankles as shown in Figure 7 .
Influence of Soil
The next step is to study the influence of the soil parameters to the behaviour of the current density induced in the human body. Figure 9 . The model of the human body exposed to a uniform electric field in the presence of soil.
To illustrate the influence of the conductivity and relative permittivity of the soil, some representative values of the conductivity and relative permittivity of the soil available in literature [16] , i.e., σ g = 1000; 0.2; 0.5; 10 −2 ; 10 −3 (S·m −1 ), ε rg = 5, 10, 30 is used. The soil is modeled as a homogeneous volume as shown in Figure 9 .
The results presented in Figures 10 and 11 show that the induced current density varies slightly at the interface between the human body and the soil, but the maximum and average values remain similar. Moreover, when the soil conductivity is higher than the body conductivity, all curves are observed to converge rapidly towards the curve corresponding to σ g = 1000 S·m −1 .
The results of shown in Figures 12 and 13 show that the current Figure 10 . Induced current density inside the body. . Figure 11 . Induced current density on the surface of the human body for different soil conductivities (ε rg =10).
induced in the body does not vary appreciably with the permittivity of the soil. It can be observed that the soil parameters do not seem to have any significant influence on the current density induced in the human body. This is consistent with results available in the literature [17] .
Influence of Organs
To estimate the effect on the induced current distribution inside the human body due to the presence of organs (organs of different conductivity), the body model having taken into account five organ (brain, heart, lungs, liver and intestines) has been assembled. The organs are represented by spheroidal shapes, as depicted in Figure 14 [18] .
The conductivities, the dimensions and the coordinates of the various organs are obtained from the literature [18, 19] and listed in Tables 2 and 3 , respectively. Magnitude and frequency of electric field was 10 kV/m and 60 Hz. Figures 15 and 16 show the variation of the current density along the axis of the human body and on the surface of the latter, obtained by using the homogeneous and inhomogeneous representation of the body, respectively. To provide the comparison between the results the calculations were carried out for a conductivity of the order of 0.2 S·m −1 in the case of the homogeneous model. Observing the results shown in Figure 15 following conclusions can be drawn:
• The induced current density in the feet and ankles does not differ for the two models; • There is an increase of the current density in the brain and a decrease in the intestines when compared to the results obtained with the homogeneous model of the body. This is due to the difference in electrical conductivity which is high in the brain (σ = 0.75 S·m −1 ) and low in the intestines (σ = 0.03 S·m −1 ). Figure 17 represents the variation of the induced current density in the different organs, traced along the respective axes of the organs (see Table 3 and Figure 14) .
Comparison of Magnitudes of Induced Current Densities at Respective Organs
The maximum values of current density and electric field induced inside the different organs are given in Table 4 . From the results presented in Figure 17 and Table 4 it can be concluded that the induced current density in the different organs is dependent on the conductivity and the dimensions (radius) of the organs.
CONCLUSION
In this paper, the finite element method (FEM) has been used to solve the electro-quasi-static (EQS) formulation aiming not only to characterize the current density induced in the human body due to electric field exposure at extremely low frequencies but also to clarify the influence of various parameters on the current density distribution. The conclusions that could be drawn are, as follows:
• In the homogeneous model of the human body the current density is observed to be marginally influenced by the electrical parameters of the soil. However, the wearing of shoes significantly contributes to a reduction of the induced current density level inside the body. The comparison of the calculated results with existing data available in the literature provided a validation of the proposed model to a certain extent.
• In the inhomogeneous model of the body, having taken into account electrical properties of five organs, the influence of the electrical conductivities and the dimensions of organs to the current density behaviour has been noticed.
